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Abstract
The interrelationships between microstructure, Electrical Discharge Machining (EDM) behavior and surface quality of 
stoichometrically mixed NbxZr1-xB2-SiC composites with x ranging from 0 to 1 with intervals of 0.25 have been investigated. The 
composites were fully densified by means of Pulsed Electric Current Sintering (PECS) and XRD measurements confirm full 
solubility of the two components. XPS measurements reveal the presence of respectively Nb2O5, ZrO2 or both at the EDM surface,
which are responsible for a difference in material removal mechanisms (MRM) and surface quality. It is shown that the presence of 
transition metal oxides in the heat affected zone influence surface quality and material removal rate considerably.
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Bert Lauwers
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1. Introduction
Materials which can be applied in oxidizing
environments at elevated temperatures are regarded as
increasingly important for structural applications in the
refractory, foundry, and aerospace industry [1]. Current 
research on this topic is mainly focusing on transition 
metal diboride ceramics such as ZrB2 [2,3,4], TiB2[5]
and HfB2[2] due to their combination of excellent 
mechanical properties and high melting temperatures.
ZrB2 in particular has a potential in aerospace
applications such as heat shields and leading edges of 
hypersonic re-entry vehicles due to its low specific 
gravity (6.1 g/cm3), high melting temperature (3245°C)
and good erosion as well as evaporation and oxidation 
resistance. However, there is another transition metal
diboride ceramic, namely niobium diboride that can be
applied in these applications. A melting temperature of 
3273°C is reported in literature [2] which makes it
another lightweight (6.9 g/cm3) ultra high-temperature 
ceramic. Transition metal diborides, such as NbB2, prove
to have a high chemical inertness due to their strong
covalent bonds, that make them suitable for a wide range
of applications [6]. Otani et al. [7] showed that NbB2 and 
ZrB2 were fully soluble and lattice constants varied
linearly with composition. Avilés et al were able to 
synthesize Ti1-xZrxB2 solid solution phases by high-
energy ball milling proving that the reactants completely 
converted into a hexagonal solid solution phase [8].
These novel transition metal diboride composite are
however known for their high intrinsic hardness (>2000 
kg/mm2) and tendency to form lubricating oxidation 
products that strongly reduce the cutting action of 
grinding tools and sawing blades. This makes them 
notoriously difficult to machine using classical diamond
or CBN tools.  However, since they are highly electrical 
conductive, they are suitable for Electrical Discharge
Machining (EDM), which allows complex geometries to 
be manufactured, regardless of their intrinsic hardness.
In this work, NbB2, ZrB2 and NbxZr1-xB2 mixed diboride
composites with 20 vol. % SiC were densified using
pulsed electric current sintering (PECS). The aim of this
study is to investigate the EDM behavior in terms of 
surface roughness, material removal rate and the 
material removal mechanisms and correlate this to the
composite microstructure, mechanical and physical
properties.
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2. Experimental set-up and investigations 
Commercially available NbB2 (Grade 0, Japan New 
-SiC 
(Grade UF-25, H.C. Starck, 0.45 μm, max 2.5 wt % O) 
and ZrB2 (Grade B, H.C. Starck, 2.8 μm, 0.8 wt % O) 
powders were used to prepare the composites. NbB2, 
ZrB2 and a stoichiometric mix of both powders (25/75, 
50/50 and 75/25 molar ratios, corresponding to NbxZr1-
xB2 with x = 0.25, 0.5 and 0.75) with 20 vol. % SiC were 
mixed in ethanol on a multi-directional mixer (Type 
T2A,WAB, Basel, Switzerland) for 24 h at 70 rpm using 
3 mm diameter WC-Co milling balls (Ceratizit grade 
MG15). The contamination from the WC-Co balls 
during mixing was negligible due to the low energy 
mixing mode. Pulsed electric current sintering (PECS) 
(Type HP D 25/1, FCT Systeme, Rauenstein, Germany) 
was performed in vacuum (4 Pa). A pulsed electric 
current with pulse duration of 10 ms and pause time of 5 
ms was applied throughout all the sintering cycles. The 
dried powder mixtures were poured into a cylindrical 
graphite die with an inner and outer diameter of 40 and 
76 mm and sintered at 2000°C. The heating rate was 
fixed at 100°C/min. An initial cooling rate of 200°C/min 
was obtained by switching off the power. The applied 
initial pressure of 7 MPa was adjusted within 2 min from 
7 to 60 MPa upon reaching the dwell temperature. 
Graphite papers were used to separate the powder from 
the graphite die/punch set-up. To minimize the radiation 
heat loss from the graphite die wall, the die was 
surrounded with 10 mm thick porous carbon felt 
(Sigratherm Flexible carbon felt, SGL carbon group, 
Wiesbaden, Germany) insulation. A pyrometer (400-
2300°C, Impac, ChesterWeld, UK) was focused at the 
bottom of a central borehole in the upper punch, only 2 
mm away from the top surface of the sample, to obtain a 
realistic sample temperature measurement. The actual 
set-up and temperature monitoring procedure is 
described in detail elsewhere [9].  
Density measurements were done in demineralised 
water according to the Archimedes method. Phase 
- -ray 
diffractometer (XRD, Seifert, Ahrensburg, Germany) 
using Cu K  radiation (40 kV, 40mA). The recorded 
patterns were subjected to a Rietveld refinement using 
microstructure of polished samples was investigated 
using Scanning Electron Microscopy (SEM, XL30-FEG, 
FEI, Eindhoven, The Netherlands). The Vickers 
hardness, HV10, was measured on a hardness tester 
(Model FV-700, Future-Tech Corp., Tokyo, Japan) with 
an indentation load of 98.1 N for 15 seconds. The 
using the resonance frequency, which was measured by 
the impulse excitation technique (Grindo-Sonic, J.W. 
Lemmens N.V., Leuven, Belgium). Electrical 
conductivity has been measured using the 4-point 
contact method at room temperature. The flexural 
strength was measured on a 3-point bending test setup 
(INSTRON 4467, Instron Corp., USA) with a span of 20 
mm. A load cell of 5 kN and a loading rate of 0.1 mm/s 
were used. The bending bars were ground with a 
diamond grinding wheel (type D46SW-50-X2, 
Technodiamant, The Netherlands) on a Jung grinding 
machine (JF415DS, Jung, Germany). The reported 
strength data are the average and standard deviation of 7 
bending bars. Thermal Expansion Measurements were 
performed in a Dilatometer (DIL 402C, Netzsch Group, 
Germany) at 5°C/min up to 1600°C in an Argon 
atmosphere. XPS (X-ray Photoelectron Spectroscopy) 
measurements were performed with an upgraded 
ESCALAB 220i-XL spectrometer, using monochromatic 
The anode was operated at 15 kV and 150 W. The base 
pressure is better than 10-10 mbar. Depth profiling was 
carried out by etching the sample surface using a 3 kV 
Ar+ ion beam. A current of 1 μA and raster size of 2 mm 
were used at a chamber pressure of about 8*10-8 mbar 
during etching. At such sputtering conditions, sputtering 
of a Ag layer with known thickness on a Si wafer 
resulted in a rate of 3 nm/min. The survey spectra were 
collected with 100 eV pass energy and 1 eV step size. 
The high resolution spectra were collected with 20 eV 
pass energy and 0.05 eV step size. The data acquisition 
and processing were carried out using the Avantage Data 
Spectrum Processing Package (Thermo VG Scientific, 
U.K.). All EDM trials have been performed on a Wire-
EDM machine (Robofil 240cc, AgieCharmilles) using a 
soft brass wire electrode (tensile strength of 500 N/mm2, 
Ø = 250 μm) and de-ionised water (electrical 
conductivity of 5 μS/cm). The EDM generator settings 
are set as follows: a Pulse on Time of 0.4 μs, Pulse on 
Time for Abnormal Pulses of 0.1 μs, a Pulse Interval 
Time t0 of 14 μs, machine generator mode of M7 
(roughing mode with trapezoid pulse shape), an open 
circuit voltage ûi of 80 V and a wire offset of 0.212 mm.  
3. Results and Discussion 
3.1. .Material Properties 
To be able to correctly assess the EDM behavior of 
the PECS boride grades, it is essential to first assess the 
material properties. In Fig. 1 the a and c lattice 
constants, as measured by XRD, of the hexagonal boride 
phases are presented. Their linear evolution confirms the 
creation of a complete solid solution over the complete 
composition range. The density, shown in Table 1, also 
increases linearly from 5.5 (ZrB2-SiC) to 6.07 g/cm3 
(NbB2-SiC), as expected.  
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Table 1: Material Properties of the boride composites with 20 vol % SiC 
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ZrB2-SiC 5.50 5.53(99.4) 497 ± 2 9.2 5.3*106 356 ± 39 66 3 
Zr0.75Nb0.25B2-
SiC 5.72 5.68(100.7) 510 ± 2 9.7 2.3*10
6 608 ± 20 103 2 
Zr0.50Nb0.50B2-
SiC 5.86 5.83(100.5) 500 ± 2 10.2 2.4*10
6 534 ± 94 85 2.5 
Zr0.25Nb0.75B2-
SiC 6.04 6.00(100.7) 509 ± 2 10.3 2.8*10
6 291 ± 41 47 3.5 
NbB2-SiC 6.07 6.18(98.2) 501 ± 2 9.5 3.3*106 206 ± 69 43 1.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Lattice constants of the hexagonal 
NbxZr1-xB2 dibiride phases 
 
It is noteworthy to mention that due to the 
formation of the solid solution between ZrB2 and 
NbB2, the density surpasses the maximum 
theoretical density predicted by the Rietveld 
analysis for a mixture of both phases. Particularly 
important for the EDM behavior are the electrical 
and thermal conductivity. The first one is provided 
in Table 1. Compared to ZrB2-SiC, a decreased 
electrical conductivity by more than 55 % is 
observed when creating a solid solution with 
x=0.25. This is due to the presence of Nb in the 
transition metal boride lattice which acts as an 
impurity, effectively increasing electrical resistivity 
of the solid solution. When x is increased, the 
electrical conductivity evolves towards the 
electrical conductivity of NbB2-SiC, which is half 
that of ZrB2-SiC. Although the thermal 
conductivity was not experimentally measured, it is 
possible to qualitatively compare the different 
grades. Samsonov et al. [10] reported the thermal 
conductivity at room temperature for monolithic 
ZrB2 and NbB2 to be 58 and 24 W/mK 
respectively. Adding 20 vol. % of SiC drastically 
increased the thermal conductivity of ZrB2-SiC to 
110 W/mK[11].It is expected that a similar rise in 
thermal conductivity occurs with the addition of 20 
vol. % of SiC to NbB2. Mallik et al. [11] argued 
that the thermal transport in ZrB2-Sic grades is a 
combination of electron thermal transport and 
phonon transport, with the first being predominant. 
It can therefore be assumed that the thermal 
conductivity of the NbxZr1-xB2-SiC grades drops 
significantly when x>0 due to the large decrease in 
electrical conductivity. Another important material 
property relevant for EDM is the resistance to 
thermal shock, R, which is defined in equation (1) 
and and reported in Table 1:  
 
                          
    (1) 
 
With f is defined as the flexural strength,  the 
 Coefficient of thermal 
values are relatively low, indicating thermal shock 
can be a dominant MRM during EDM. As shown 
in equation (1), the fracture strength plays an 
important factor and the bending strength is also 
reported in Table 1. The PECS boride grade with x 
= 0.25 has a significantly higher strength than 
ZrB2-SiC and NbB2-SiC. The reason for this 
strength increase is due to the effect of the PECS 
sintering cycle on the solid solution formation, 
which is beyond the scope of this paper. On the 
other hand, the x = 0.75 and x = 1 (NbB2-SiC) 
E
R f
1
189 O. Malek et al. /  Procedia CIRP  6 ( 2013 )  186 – 191 
grades have a considerably lower strength and 
corresponding R values.  
 
 
3.2. .Electrical Discharge Machining 
A single cut electrical discharge machining 
operation has been performed on all the developed 
a are 
shown in Fig. 3.The cross section SEM 
micrographs are shown in Fig. 2. The dark grey 
colored particles are the SiC phases, while the 
lighter colored phase represents the transition metal 
boride. The top ± 5 μm represents, for example in 
Fig.2.b, a molten recast layer, identifiable by the 
curved topography and homogenous composition. 
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Fig. 3: MRR and Surface Roughness Ra for 
different boride 20 vol % SiC composite 
 
 
 
 
(a)  (b)  
(c)  (d)  
(e)  
Fig. 2: SEM cross section micrographs of EDM cut NbxZr1-xB2-SiC grades with (a) x=0, (b) x=0.25, (c) x= 0.5, (d) 
x=0.75 and (e) x=1. 
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A significantly higher MRR and roughness Ra is 
observed at x=0.5 and 0.75. When melting is the 
dominant MRM, it would be expected that the 
highest MRR is found at x=0.25, due to the lowest 
thermal conductivity by means of electron 
transport. However, when investigating the SEM 
micrographs in Fig. 2, we observed the MRM to be 
mostly thermoshock and some limited melting for 
x=0 (ZrB2-SiC) and 0.25. Thermoshock is the 
dislodging of grains due to thermal expansion 
mismatch, and is visible as empty grain sockets and 
recast with subsurface cracks. In this case, both x=0 
and x=0.25 show this behaviour combined with 
melting. At x= 0.5 and 0.75, spalling appears. 
Spalling resembles thermoshock, however it is the 
removal of the recast layer during cool down after a 
spark. Whereas in the case of thermoshock a clear 
recast layer is visible, spalling removes all recast 
and leaves a clean fracture surface without 
subsurface cracks behind. At x=1, NbB2-SiC, 
thermoshock combined with melting is again 
observed. The dominance of thermoshock as a 
MRM has been predicted by the low R values. Due 
conductivity and microstructure are important. 
While in the other grades, clear microcracks are 
visible in the heat affected zones, indicating a 
stronger grain boundary. These cracks are absent in 
the x=0.5 and x=0.75 grades. This indicates that 
material is effectively removed due to breaking off 
of the outer layer during cooling after sparking. 
This added material removal leads to a significantly 
higher MRR and surface roughness (see Fig. 3). 
For NbB2-SiC (x=1), the presence of clear 
microcracks and a smooth surface indicate spalling 
is not a major MRM, and thermoshock become 
more dominant. The higher MRR of the NbB2-SiC 
(x=1) composite is therefore explained by the lower 
thermal conductivity compared to ZrB2-SiC (x=0). 
3.3. .Surface Analysis 
As mentioned in the previous section, the 
material removal mechanisms observed in the cross 
section SEM micrographs are thermoshock and 
spalling with the formation of a considerable recast 
layer. A more detailed investigation of the EDM 
surface has been carried out using X-ray 
photoelectron spectroscopy (XPS) of the solid 
solution borides with x=0.5, presented in Fig. 4.  
The Zr3d, B1s and Nb3d spectra for different 
sputtering times are shown. It can be observed that 
before sputtering (red line) only Nb2O5 (3d3/2 and 
3d5/2 peaks) and ZrO2 (3d3/2 and 3d 3/2 peaks) are 
present. When increasing the sputtering time, two 
new NbB2 peaks appear at 206.4 and 203.7 eV, 
respectively the 3d5/2 and 3d3/2 peaks. In addition, 
two ZrB2 peaks appear at 182 and 179.2 eV, 
respectively the 3d5/2 and 3d3/2 peaks. However, 
the peaks associated with the oxides do not 
diminish when entering the bulk, indicating a 
mixed content heat affected zone. Other collected 
spectra, such as Si2p and C1s show only a very 
faint to no signal at all, indicating that the SiC 
particles have chemically reacted to form SiO2 and 
COx during EDM. The boiling point of SiO2 is 
2200°C, which is readily achieved when melting 
transition metal borides (>3200°C). SEM 
micrographs in Fig. 2 confirm the absence of SiC 
(dark grey) particles in the outer layer. The 
presence of a mixture of Nb2O5 and ZrO2, a so 
called Niobate ceramic, in the outer layer can offer 
an explanation for the MRM that is observed 
during EDM at x=0.5 and 0.75.  Niobate ceramics 
are known to have a very low or even negative 
thermal expansion coefficient when the ratio is in 
favor of Nb2O5 [12]. At high NbB2 contents, there 
is a higher amount of Nb2O5 contamination, 
introduced as oxide layer on the boride starting 
powder, present in the PECS grade. If ZrB2, with a 
thin ZrO2 layer is added, not only a solid solution 
exists between the transition metal borides, but also 
between the oxides. The XPS measurements 
presented in Fig. 4 proved the existence of both 
oxides in the outer layer, implying that 
considerable thermal stresses could have been 
generated during EDM. These stresses are caused 
by the thermal expansion coefficient mismatch of 
the transition metal diborides (9~10E-6 °C-1) and 
the niobate contamination (~0 °C-1 to negative) 
causing spalling as observed during EDM. Without 
this oxide mixture, the grain boundary strength is 
sufficient to cope with most of the thermal stresses 
arising during cooling after a spark, avoiding 
severe spalling but resulting in extensive 
microcracking, as illustrated in Fig.2.a, b and e.  
 
 
Fig. 4: Zr3d, B1s and Nb3d spectra as a function 
of the sputtering time for Rough cut EDM surface 
of (Nb0.5Zr0.5)B2-SiC. 
191 O. Malek et al. /  Procedia CIRP  6 ( 2013 )  186 – 191 
Conclusions 
Mixed (NbxZr1-x)B2-20 vol % SiC were fully 
densified by means of pulsed electric current 
sintering. The dominant material removal 
mechanism during EDM of the (NbxZr1-x)B2-SiC 
composites is thermoshock, due to the low 
resistance to thermal shock, as calculated from the 
mechanical and physical properties. However, 
when EDM the (Nb0.5Zr0.5)B2-SiC and 
(Nb0.75Zr0.25)B2-SiC grades, oxide mixtures are 
formed in the outer layer. XPS investigation 
allowed to identify these oxides as niobates, 
exhibiting a high Nb2O5 content and a very low to 
even negative thermal expansion coefficient. This 
causes too high residual stresses during EDM and 
concomitant spalling, i.e. material delamination, to 
occur instead of thermal shock, leading to a higher 
MRR as well as surface roughness. The higher 
MRR and surface roughness of the NbB2-SiC 
compared to the ZrB2-SiC composite is due to the 
lower thermal conductivity of the NbB2 phase. 
Acknowledgements 
This work was financially supported by the Fund 
for Scientific Research Flanders (FWO) under 
project No G.0539.08. K. Vanmeensel thanks the 
Fund for Scientific Research Flanders (FWO) for 
his post-doctoral fellowship. The authors thank 
AgieCharmilles for their support with the EDM 
equipment.  
References 
[1]  S. Guo, Densification of ZrB2-based composites and their 
mechanical and physical properties: A review, J. Eur. 
Ceram. Soc., 2009, 29, 995-1011. 
[2]  W.G. Fahrenholtz, G.E. Hilmas, Refractory Diborides of 
Zirconium and Hafnium, J. Am. Ceram. Soc.,2007, 90 
1347 1364. 
[3] F. Monteverde, S. Guicciardi, A. Bellosi, Advances in 
microstructure and mechanical properties of zirconium 
diboride based ceramics, Materials Science and 
Engineering, 2003,A346, 310-319. 
[4]  F. Monteverde, A. Bellosi, L. Scatteia, Processing and 
properties of ultra-high temperature ceramics for space 
applications, Materials Science and Engineering, 2008, 
A485, 415 421. 
[5]  R. G. Munro, Material Properties of Titanium Diboride, 
2000, J. Res. Natl. Inst. Stand. Technol., 105, 709-720. 
[6]  M. Usta, The characterization of Borided Pure Niobium, 
Surface & Coatings Technology, 2005, 194, 251 255. 
[7]  S. Otani, T. Aizawa, N. Kieda, Solid solution ranges of 
zirconium diboride with other refractory diborides HfB2, 
TiB2, TaB2, NbB2, Vb2 and CrB2, Journal of Alloys and 
Compounds 2009; 475: 273-275. 
[8] M.A. Avilés, J.M. Córdoba, M.J. Sayagués, F.J. Gotor, 
Mechanochemical synthesis of Ti1-xZrxB2 and Ti1-
xHfxB2 solid solutions, Ceramics International 2011; 37: 
1895-1904. 
[9]  K. Vanmeensel, A. Laptev, J. Hennicke, J. Vleugels, O. 
Van der Biest, Modelling of the temperature distribution 
during field assisted sintering. Acta Materialia, 2005, 53, 
4379-4388. 
[10]  
compounds, metallurgiya, Moscow 1976. 
[11]  M. Mallik, A. J. Kailath, K.K. Ray, R. Mitra, Electrical and 
thermophysical properties of ZrB2 and HfB2 based 
composites, Journal of the European Ceramic Society, 
Volume 32, Issue 10, August 2012, Pages 2545-2555. 
[12] M. Dejneka, C. Chapman, S. Misture, Strong, Low 
Thermal Expansion Niobate Ceramics, J. Am. Ceram. 
Soc., 94 (2011), 2249 2261. 
 
 
